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Language facilitation by transcranial direct current stimulation (tDCS) in healthy individuals
has generated hope that tDCS may also allow improving language impairment after stroke
(aphasia). However, current stimulation protocols have yielded variable results and may
require identification of residual language cortex using functional magnetic resonance
imaging (fMRI), which complicates incorporation into clinical practice. Based on previous
behavioral studies that demonstrated improved language processing by motor system
pre-activation, the present study assessed whether tDCS administered to the primary
motor cortex (M1) can enhance language functions. This proof-of-concept study employed
a sham-tDCS controlled, cross-over, within-subject design and assessed the impact of
unilateral excitatory (anodal) and bihemispheric (dual) tDCS in 18 healthy older adults
during semantic word-retrieval and motor speech tasks. Simultaneous fMRI scrutinized
the neural mechanisms underlying tDCS effects. Both active tDCS conditions significantly
improved word-retrieval compared to sham-tDCS. The direct comparison of activity elicited
by word-retrieval vs. motor-speech trials revealed bilateral frontal activity increases during
both anodal- and dual-tDCS compared to sham-tDCS. This effect was driven by more
pronounced deactivation of frontal regions during the motor-speech task, while activity
during word-retrieval trials was unaffected by the stimulation. No effects were found
in M1 and secondary motor regions. Our results show that tDCS administered to M1
can improve word-retrieval in healthy individuals, thereby providing a rationale to explore
whether M1-tDCS may offer a novel approach to improve language functions in aphasia.
Functional magnetic resonance imaging revealed neural facilitation specifically during
motor speech trials, which may have reduced switching costs between the overlapping
neural systems for lexical retrieval and speech processing, thereby resulting in improved
performance.
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INTRODUCTION
The language and motor action systems feature tight func-
tional connections and share neural resources (Willems and
Hagoort, 2007). They are organized in partially overlapping
neural networks where higher order cortices can be involved
in a flexible, context-dependent manner in different functions
(Bressler and Menon, 2010; Behrens and Sporns, 2012). In
the context of language production, the cortico-bulbar system
controls muscles involved in speech and breathing. Further-
more, cortico-subcortical loops comprising primary (M1) and
non-primary motor areas as well as the ventrolateral thala-
mus and striatum are not only involved in the initiation and
sequencing of speech, but also in cognitive control processes
(Crosson, 2013; Dick et al., 2013). Besides reciprocal cortico-
subcortical interplay, cortical motor areas are strongly connected
with inferior frontal regions that are crucial for word-retrieval
processes and also the selection of motor actions (Thompson-
Schill et al., 1997; Pobric and Hamilton, 2006; Eickhoff et al.,
2009).
While there is an on-going debate about the origin and extent
of language-motor system interactions and also the (linguistic)
level at which the motor system impacts on language process-
ing, the mutual interplay between the two systems is generally
not questioned (Rizzolatti and Craighero, 2004; Willems and
Hagoort, 2007; Pulvermuller and Fadiga, 2010). The behavioral
relevance of these interactions is illustrated by studies show-
ing that lexical retrieval and semantic processing can be facil-
itated by execution or observation of manual gestures (Hadar
et al., 1998; Holle and Gunter, 2007; Dick et al., 2009) and
prohibiting manual gestures can slow down speech produc-
tion (Rauscher et al., 1996; Pine et al., 2007). Pre-activation
of the motor system by different behavioral interventions also
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improved lexical retrieval in patients with post-stroke aphasia
(Hanlon et al., 1990; Harnish et al., 2011; Meinzer et al., 2011a;
Benjamin et al., 2014). So far, however, the neural mechanisms by
which the motor system facilitates language production remain
largely elusive.
Motor cortex excitability can be modulated by non-invasive
transcranial direct current stimulation (tDCS; Stagg and Nitsche,
2011), providing a promising tool to alter interactions between
motor and language systems. During tDCS, weak electrical cur-
rents are administered to the scalp that exert local effects on
the underlying cortex, but also on functionally connected remote
regions (Miniussi et al., 2013; Flöel, 2014). Excitatory tDCS
(anodal-tDCS) facilitates motor learning when applied to M1
contralateral to the hand involved in a task (Reis et al., 2009) and
these effects may be even more pronounced with simultaneous
inhibitory (cathodal) tDCS to the ipsilateral M1 (dual-tDCS,
(Vines et al., 2008)). In the language domain it has been shown
that anodal-tDCS administered to perisylvian regions of the left
language dominant hemisphere improved language processing
(Flöel, 2012; Monti et al., 2013) and learning (de Vries et al., 2010;
Meinzer et al., 2014a). Moreover, inhibitory tDCS of M1 impaired
learning of a novel lexicon (Liuzzi et al., 2010). However, so far,
it is unknown if facilitation of M1 by anodal-tDCS can improve
linguistic processing.
Therefore, the present randomized, sham-controlled study
employed a within-subjects design to study effects of M1 stim-
ulation on semantic word-generation. Given that M1-tDCS has
been suggested as an adjunct treatment approach for post-stroke
motor (Lindenberg et al., 2010, 2012) and language rehabilita-
tion (Pulvermüller and Berthier, 2008; Meinzer et al., 2011a),
and that stroke typically affects older people, the present proof-
of-concept study assessed the impact of M1-tDCS in healthy
older adults. We combined tDCS with simultaneous functional
magnetic resonance imaging (fMRI) to assess its effects on task
performance and brain activity (Meinzer et al., 2014b). Using the
same task, we have previously demonstrated that anodal-tDCS
administered to the left inferior frontal gyrus facilitated word-
retrieval and selectively reduced task-related activity in bilateral
prefrontal cortices during word-retrieval, but not during a simple
motor speech baseline task (Meinzer et al., 2013). However, given
that the exact (linguistic) level at which the motor system impacts
on language processing is still under scrutiny (Willems and
Hagoort, 2007) and that M1 stimulation may affect functional
brain activity in premotor and prefrontal regions (Antal et al.,
2011; Lindenberg et al., 2013), we explored whether potential
tDCS effects on performance would be mediated by modulations
of motor and/or language regions during either or both of these
tasks.
METHODS
STUDY OVERVIEW
Data was acquired in the context of a study that assessed the
impact of M1 stimulation on motor and linguistic performance
and brain functions during resting-state and task-related fMRI.
In a sham-tDCS controlled, within-subject, triple cross-over
design, participants were scanned during three MRI sessions
with simultaneous intrascanner tDCS. Active stimulation was
administered during two of these sessions, either unilaterally to
the left M1 (anodal-tDCS) or bilaterally (dual-tDCS). During
dual-tDCS, anodal-tDCS was administered to the left M1, while
cathodal-tDCS was administered simultaneously to the right M1
(Lindenberg et al., 2013).
During each session, participants first completed a resting-
state scan followed by two subsequent task-related fMRI scans (an
overt semantic word-retrieval task and a motor choice reaction
task, Figure 1A illustrates the design of the study). The three
scanning sessions were separated by approximately 1 week to
prevent potential carry over effects of the active stimulation
conditions and the order of stimulation conditions was counter-
balanced across subjects. Please note, only data acquired during
the semantic word generation task is reported here. The impact
of the three stimulation conditions on resting-state functional
connectivity and activity elicited by the motor choice reaction
task have previously been reported (Lindenberg et al., 2013).
The experimental set-up was identical to previous cross-over
studies of our group that assessed the impact of anodal-tDCS
administered to left perisylvian language areas on semantic word-
retrieval (Meinzer et al., 2012a, 2013). The study was approved
by the ethics committee of the Charité University Hospital, and
conducted in accordance with the Helsinki declaration. Written
informed consent was obtained from all subjects prior to study
inclusion.
SUBJECTS
Eighteen healthy older adults participated in this study (9 women,
9 men; mean age 68.38 ± 5.15 years). Details of the sam-
ple have been reported previously (for details see Lindenberg
et al., 2013 and Table 1). In short, all participants presented
with age-appropriate cognitive status (as assessed by the test
battery established by The Consortium to Establish a Registry
for Alzheimer’s Disease, CERAD-Plus1), and structural imaging
parameters. They were right-handed according to the Edinburgh
Handedness Inventory (mean ± SD 91 ± 15, Oldfield, 1971),
participated for the first time in a tDCS study, had no history of
current or previous neurological or psychiatric disorders and did
not report use of psychoactive medication or recreational drugs.
TRANSCANIAL DIRECT CURRENT STIMULATION
A constant direct current (1 mA) was administered by an
MRI-compatible stimulator (DC-Stimulator Plus®, NeuroConn,
Ilmenau, Germany) using an established set-up (for details see
Meinzer et al., 2014b). The anode was placed inside a 5 × 7 cm2
saline-soaked sponge pocket and attached over the left M1 in all
stimulation conditions (C3 of the 10–20 EEG system) as described
in our previous manuscript (Lindenberg et al., 2013). For dual
stimulation, the cathode (5 × 7 cm2) was placed over the right
M1 (position C4). During anodal-tDCS the reference electrode
(10 × 10 cm2) was positioned over the right supraorbital region.
Those electrode montages represent the most commonly used
set-ups for unihemispheric anodal-tDCS and dual-tDCS of the
motor cortex. During sham-tDCS the reference electrode was
pseudo-randomly assigned to either the right supraorbital region
1http://www.memoryclinic.ch
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FIGURE 1 | (A) Illustrates the design of the present study. tDCS was
ramped up prior to the start of the resting-state scan during all
stimulation conditions. During sham-tDCS the current was ramped
down after 30 s (before scanning commenced). During both active
stimulation conditions (anodal- and dual-tDCS), it continued until after
the end of the word-retrieval task (red square; only data acquired
during the word-retrieval task is reported). (B) Surface rendering
illustrates the location of the electrodes during the two active
stimulation conditions on the scalp: upper row shows anodal-tDCS
montage; lower row shows dual-tDCS montage. Please note, the larger
size of the reference electrode (cathode) during anodal-tDCS renders
the stimulation over the supraorbital cortex functionally ineffective.
R = right hemisphere, L = left hemisphere. C = Cathode, A = Anode.
(C) Surface rendering of activity patterns elicited by semantic
word-retrieval vs. motor speech trials during the three stimulation
conditions. Overall, as in previous studies that used the same task, this
contrast elicited mainly activity in bilateral lateral frontal and medial
frontal and premotor regions. Right column = Left hemisphere, Left
column = Right hemisphere. All contrasts were thresholded at
p < 0.05, family-wise-error corrected at voxel and cluster levels.
or right M1 in half of the participants to counterbalance those two
montages across the group. Figure 1B illustrates the respective
montages.
In all stimulation conditions, the current was initially
increased to 1 mA in a ramp-like fashion over 10 s shortly prior
to the start of the RS-sequence and remained constant for 30 min
during anodal-tDCS and dual-tDCS, thereby covering the entire
duration of the language task (which took approximately 11 min,
see below). During sham-tDCS, the current was turned off after
30 s prior to the start of the RS-sequence. In all stimulation
conditions, the current was ramped down over 10 s at the end
of the stimulation.
fMRI TASK AND STIMULUS CHARACTERISTICS
Magnetic resonance imaging data were acquired using a 3-Tesla
Siemens Trio MR scanner at the Berlin Center for Advanced
Neuroimaging (Charité University Hospital, Berlin, Germany).
The overt semantic word-retrieval task was identical as in pre-
vious studies of our group (Meinzer et al., 2012a, 2013) and
employed a T2∗-weighted echo-planar imaging (EPI) sequence
(TR/TA = 6000/2000 ms, TE = 30, flip angle: 90◦, 32 transverse
slices, gap: 0.75 mm, interleaved acquisition, FOV: 192 × 192,
acquisition matrix: 64 × 64, 104 volumes) and a temporal sparse
sampling design. This allows assessing overt verbal responses
during a scanner off phase to avoid articulation related arti-
facts. Six semantic categories (6 blocks of 10 consecutive tri-
als of the same category, trial duration 3.8 s) were presented
using a projector and a system of mirrors. Participants were
instructed to overtly produce one different exemplar during
each trial or say “next” in case they could not come up with
a response. In between trials, a black screen was displayed
(2.2 s) and the hemodynamic response was acquired (sparse
sampling). Task blocks alternated with a simple motor speech
baseline condition (saying the word “rest”; five consecutive tri-
als) in response to a written cue. Eighteen pre-selected seman-
tic categories were used that were divided into three matched
sets based on published norms (Set1: trees, insects, sports
equipment, body parts, beverages, occupations; Set2: flowers,
fish, kitchen appliances, clothing, food, hobbies, Set3: spices,
birds, toys, colors, auto parts, musical instruments; Sets1/2/3:
total # exemplars produced in norm group: 1586/1587/1650,
average category size: 11.6/11.8/12.2; fluency: 0.64/0.60/0.59, all
p > 0.0.92; Mannhaupt, 1983). In addition, 20 different sub-
jects participated in a pilot study that assessed performance
using these 18 categories during a standard semantic verbal
fluency task (duration: 1 min; categories were presented in
randomized order). The number of exemplars produced was
comparable between the three sets (mean ± SD # correct
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Table 1 | Demographic characteristics of the participants and details
of the neuropsychological assessment (mean and standard deviation,
raw data).
Mean ± SD Range
Age (years) 68.38 ± 5.15 61–77
Education (years) 15.88 ± 4.74 11–19
Sex (females/males) 9/9
CERAD subtests
Mini mental state examination 29.44 ± 0.62 28–30
Verbal fluency
(# examplars produced in one minute)
Semantic fluency 25.61 ± 9.41 14–31
Phonemic fluency 16.39 ± 4.37 12–25
Boston naming test 14.67 ± 0.59 13–15
Verbal learning and memory
test (# correct)
Learning success (sum score runs 1–3) 20.44 ± 3.55 16–27
Delayed recall 7.89 ± 1.84 6–10
Visual spatial items (sum score)
Copy 10.83 ± 0.70 8–11
Delayed recall 10.7 ± 2.62 7–14
Trail making test A
(time to completion, s) 39.94 ± 7.07 31–49
Trail making test B 74.00 ± 20.86 42–103
exemplars produced Set1: 19.38 ± 6.5; Set2: 19.28 ± 6.4;
Set3:19.31 ± 6.2; p = 0.98). The three sets were counterbal-
anced across the group. Prior to scanning, participants were
trained using a different set of categories. During scanning,
overt responses were recorded using an MRI-compatible micro-
phone and transcribed for subsequent analysis. The scoring of
responses was performed by two raters blinded to the stimula-
tion conditions using recorded and transcribed responses. The
number of correct responses was determined according to guide-
lines established during previous studies of our group (Meinzer
et al., 2012a, 2013). Repeated measures analysis of variance
(RM-ANOVA) assessed performance differences between stimu-
lation conditions.
fMRI DATA ANALYSIS
Statistical Parametric Mapping (SPM5, Welcome Department of
Imaging Neuroscience, London, UK) was used for data analysis.
Pre-processing of the data was identical as in our previous studies
(Meinzer et al., 2012a, 2013) and comprised re-alignment of
functional images, co-registration with the individual partici-
pants’ anatomical images, unified segmentation and registration
to MNI space, and spatial smoothing (8 × 8 × 8 mm3 Gaussian
kernel). Covariates-of-interest (correct word-retrieval and motor
speech baseline condition trials) and movement parameters were
included in the design matrix. Afterwards, a high-pass filter
(128 s) was applied, data were modelled with a finite impulse
response and the contrasts-of-interest were estimated. Those
included the comparison of:
1. Correct word-retrieval vs. motor speech trials.
2. Word-retrieval or motor speech trials vs. the implicit baseline
as implemented in SPM (Meinzer et al., 2013). The latter were
modelled separately to explore potential differential effects of
the stimulation on both tasks.
As in our previous study (Lindenberg et al., 2013), we
employed an a priori region-of-interest (ROI) approach using
the Anatomy Toolbox (Eickhoff et al., 2005). It was previously
demonstrated that the semantic word-generation task mainly
elicits activity in bilateral frontal cortices in older adults (Meinzer
et al., 2009, 2012b,c, 2013), therefore, left and right Brodmann
Areas (BA) 44 and 45 were chosen as a priori ROIs to assess the
impact of tDCS on language processing. These areas overlap with
the anterior (BA45) and posterior (BA44) portions of the inferior
frontal gyrus that is tightly connected with the motor system
(Eickhoff et al., 2009; Pulvermuller and Fadiga, 2010). These areas
also overlapped with regions showing peak activity during the
three fMRI sessions in the bilateral frontal cortex. Figure 1C
illustrates the activity pattern elicited by the task during the three
stimulation conditions, activity patterns surviving a family-wise
corrected voxel and cluster threshold of p < 0.05 are shown.
Repeated measures analysis of variance (ANOVA) assessed differ-
ences between mean beta activity elicited by the tasks (complex
contrast word-retrieval vs. baseline trials; separate comparisons
of both tasks vs. the implicit baseline) during the three stimu-
lation conditions in the four frontal ROIs (Greenhouse-Geisser
corrected results are reported). Results of post hoc paired t-tests
were corrected for multiple comparisons using the false discovery
rate (FDR; Benjamini and Hochberg, 1995). Pearson correlation
coefficients tested whether potential stimulation induced perfor-
mance improvements would be associated with activity changes
in ROIs.
Please note, in response to a reviewer’s request during the
revision of our previous study (Lindenberg et al., 2013), the
impact of the stimulation conditions on activity elicited by the
word-retrieval task in M1 (BA4) and premotor (BA6) regions for
the complex contrast (word-generation > motor speech baseline
condition trials) has already been reported. No activity differences
were found between the stimulation conditions. However, as for
bilateral frontal ROIs, we also explored whether tDCS would
impact selectively on task or baseline trials during the word-
generation task (Meinzer et al., 2013). This was not the case and
we therefore do not report details of this analysis.
RESULTS
All participants tolerated the stimulation well and no adverse
effects were noted. A post-study questionnaire indicated that
participants could not differentiate between the stimulation con-
ditions, therefore, effective blinding was achieved by this set-up
(for details see Lindenberg et al., 2013).
IMPACT OF tDCS ON PERFORMANCE
Repeated measures ANOVA revealed significant differences
between the three stimulation conditions (F(2,16) = 7.74,
p = 0.0004). Post hoc paired t-tests showed that both active
stimulation conditions resulted in superior performance during
the semantic word-retrieval task, indicated by a smaller number
of errors (anodal-tDCS vs. sham-tDCS: t(17) = 3.37, p = 0.0036,
Cohen’s d = 0.795; dual tDCS vs. sham: t(17) = 3.62, p = 0.0021,
Cohen’s d = 0.853, Figure 2, both effects remained significant after
FDR-correction p < 0.022). Performance was comparable in the
two active stimulation conditions (17) = 0.33, p = 0.74).
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FIGURE 2 | Illustrates semantic word-retrieval performance during the
three stimulation conditions (anodal-, sham- and dual-tDCS). Both
active stimulation conditions improved performance as compared to sham;
no significant differences were found between anodal- and dual-tDCS. Data
show mean ± SEM # of errors (max. 60), * p < 0.05.
ROI ANALYSIS (WORD-RETRIEVAL VS. MOTOR SPEECH TRIALS,
FIGURE 3A)
Repeated measures ANOVA revealed a significant effect of STIM-
ULATION (F(1.2,19.5) = 9.5, p = 0.004). Post hoc paired t-
tests showed that mean beta activity in both left-sided ROIs
was significantly higher during both active stimulation condi-
tions as compared to sham-tDCS (left BA 44/45 anodal-tDCS
> sham-tDCS: t(17) = 3.29/4.40, p = 0.017/0.004; dual-tDCS >
sham-tDCS: t(17) = 2.88/3.92, p = 0.031/0.006). Anodal-tDCS
compared to sham-tDCS resulted in increased activity in right
BA44 (t(17) = 2.52, p = 0.044), the comparison of dual-tDCS
vs. sham-tDCS in this ROI did not survive FDR-correction
(t(17) = 2.29, p = 0.06). However, activity in right BA45 was
selectively enhanced during dual-tDCS compared to sham-tDCS
(t(17) = 2.7, p = 0.033). The main effect of ROI was also significant
(F(1.6,26.5) = 37.5, p < 0.001), however, this is explained by larger
beta values in both left sided ROIs during all stimulation condi-
tions as expected for a left lateralized language task. The inter-
action STIMULATION × ROI was not significant (p = 0.439).
Therefore, active stimulation resulted in enhanced activity in
bilateral frontal ROIs. No linear correlations between changed
task-related activity and improved performance were found.
ROI ANALYSIS (WORD-RETRIEVAL/MOTOR SPEECH TRIALS VS.
IMPLICIT BASELINE, FIGURE 3B)
Two additional RM-ANOVAs assessed whether word-retrieval
or motor speech trials were differentially affected by the
respective stimulation conditions. For word-retrieval trials, these
analyses revealed no significant effects of STIMULATION
(F(1.6,27.7) = 1.67, p = 0.21). The interaction of STIMULATION
× ROI approached significance (F(2.50,42.6) = 2.95, p = 0.052),
however, none of the post hoc comparisons survived an FDR-
corrected threshold. Therefore, significant stimulation effects in
the comparison above (word-retrieval vs. motor speech trials)
were not driven by a direct effect on bilateral frontal activity
during word-retrieval trials.
For motor speech trials (Figure 3C), a different pattern
emerged. Overall, negative beta values in all ROIs across stimu-
lation conditions indicate that those areas are deactivated during
FIGURE 3 | Results of the a priori region-of-interest (ROI) analysis in
bilateral frontal regions (BAs 44/45): (A) upper panel depicts activity
elicited by the semantic word-retrieval task as compared to motor speech
trials (complex contrast) during the three stimulation conditions (anodal-,
sham-, dual-tDCS). Lower panels show separate comparisons of activity
elicited by (B) word-retrieval and (C) motor speech trials with the implicit
baseline. Data show mean ± SEM, *p < 0.05 FDR-corrected corrected for
multiple comparisons.
the simple motor speech baseline. Moreover, the degree of deacti-
vation was more pronounced during both active stimulation con-
ditions. Repeated measures ANOVA revealed that the main effect
of ROI was significant (F(2.2,36.9) = 27.99, p< 0.001) and the effect
of STIMULATION approached significance (F(1.8,31.5) = 3.26,
p = 0.055). Two post hoc comparisons survived an FDR-corrected
threshold and revealed a significantly greater decrease of activity
during anodal-tDCS compared to sham-tDCS in right BAs 44 and
45 (t(17) = 3.03/2.91, both p > 0.02). As for the complex contrast
(word-retrieval vs. motor speech trials), no linear correlations
between changes in activity and performance were found. Despite
numerically larger deactivations in all ROIs during dual-tDCS, no
significant differences were found compared to sham-tDCS.
In sum, enhanced activity in bilateral frontal ROIs during
active-tDCS for the complex contrast (word-retrieval vs. motor
speech trials) were mainly explained by more pronounced deac-
tivations in these areas during motor speech trials, while the
stimulation did not affect word-retrieval trials.
DISCUSSION
The results of this proof-of-concept study demonstrate that both
anodal and dual-tDCS administered to M1 can improve word-
retrieval in healthy older adults. Simultaneous fMRI allowed
unprecedented insights into the neural mechanisms mediat-
ing tDCS-induced behavioral facilitation. Specifically, improved
performance during both active stimulation conditions was
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accompanied by up-regulation of bilateral prefrontal activ-
ity as compared to sham-tDCS during the complex contrast
of word-retrieval vs. motor speech baseline trials, while no
stimulation-effects were found in primary or secondary motor
cortices. This effect was mainly driven by more pronounced deac-
tivation of frontal regions during the motor speech baseline task.
Given that the human brain operates on limited neural resources
(Brem et al., 2014), this may have facilitated switching between
the two overlapping neural systems involved in both tasks and in
turn explain improved behavioral performance during semantic
word-retrieval trials. With regard to clinical applications, the
positive behavioral results of this study provide a rationale to
explore whether M1 stimulation can enhance treatment outcome
in patients with aphasia, thereby providing an exciting novel
“backdoor” approach to facilitate language recovery after stroke
(Pulvermüller and Berthier, 2008; Meinzer et al., 2011a).
IMPACT OF tDCS ONWORD-RETRIEVAL
Previous studies that have administered anodal-tDCS to anterior
or posterior left-sided perisylvian language regions in healthy
individuals reported beneficial stimulation effects during lan-
guage production (Iyer et al., 2005; Cattaneo et al., 2011; Meinzer
et al., 2012a, 2013) and language learning paradigms (de Vries
et al., 2010; Meinzer et al., 2014a). Those findings have generated
hope that tDCS may be suited to enhance language recovery in
patients with post-stroke language impairment. Indeed, a number
of studies have provided preliminary evidence that anodal-tDCS
administered to perilesional areas in the left hemisphere (Baker
et al., 2010; Fridriksson et al., 2011) and also contralesional
brain regions (Flöel et al., 2011) may enhance the effectiveness of
simultaneous speech therapy. Similarly, dual-tDCS to prefrontal
regions enhanced treatment effects in aphasia as well (Marangolo
et al., 2013, 2014). However, perilesional tDCS requires a pre-
treatment fMRI scan to identify residual language cortex in indi-
vidual patients, which complicates its incorporation in routine
clinical practice. Furthermore, up to 40% of treated patients may
not benefit from perilesional stimulation (Baker et al., 2010).
Alternative stimulation sites that do not require pre-treatment
fMRI scans (e.g., contralesional areas) also yielded variable effects
and so far, there is no consensus which areas should be stimu-
lated in individual patients (Meinzer et al., 2011b; Holland and
Crinion, 2012). This highlights the need to explore alternative
stimulation sites that are easy to implement and also effective in
clinical practice.
Stimulation of motor areas that are anatomically and function-
ally linked to the language system (Dick et al., 2013) may rep-
resent an exciting novel approach to facilitate language process-
ing in aphasia (Pulvermüller and Berthier, 2008; Meinzer et al.,
2011a). A number of behavioral studies in healthy individuals
and patients with aphasia have shown that pre-activation of the
motor system can improve language production (Hanlon et al.,
1990; Hadar et al., 1998; Holle and Gunter, 2007; Dick et al., 2009;
Meinzer et al., 2011a; Benjamin et al., 2014). Moreover, inhibition
of M1 by cathodal-tDCS resulted in reduced language learning
(Liuzzi et al., 2010). Closer inspection of behavioral improve-
ments reported in aphasia patients after perilesional stimulation
in the study by Baker et al. (2010) also revealed that the majority
of responsive patients received anodal-tDCS to premotor regions
that are tightly connected to M1. In addition, a recent cross-over
sham-tDCS controlled single case report reported significantly
improved naming ability during anodal-tDCS administered to the
left primary motor cortex in a patient with aphasia (Datta et al.,
2011). Our results are also in line with recent studies demonstrat-
ing that language-motor system interactions may not be limited
to action-specific language materials (e.g., verbs describing motor
related actions like walking or throwing) but generalize to non-
action related verbs and objects (Liuzzi et al., 2008; Meinzer et al.,
2011a; Postle et al., 2013). Therefore, the positive results of our
study provide a rationale to assess whether M1 stimulation can
enhance treatment outcome in patients with post-stroke aphasia.
Given that no major differences were found between anodal-
and dual-tDCS with regard to performance and brain activity
patterns, it is plausible that tDCS effects in the present study are
mainly mediated by the left-hemispheric anodal component that
was administered in both active stimulation conditions.
IMPACT ON TASK-RELATED ACTIVITY
A large number of behavioral studies have demonstrated benefi-
cial effects of anodal and dual-tDCS on cognition, language and
motor functions (Flöel, 2012, 2014; Monti et al., 2013; Kuo et al.,
2014). However, only a handful of studies have combined tDCS
with simultaneous fMRI to elucidate the neural underpinnings
of these effects (Saiote et al., 2013; Meinzer et al., 2014b). For
example, in the motor domain, Antal et al. (2011) demonstrated
that anodal-tDCS administered to M1 during a finger tapping task
resulted in reduced task-related activity in the pre-supplementary
motor area while no effects were found at the stimulation site.
Similarly, Lindenberg et al. (2013) did not find activity changes in
bilateral M1 after anodal-tDCS administered to the motor cortex,
while resting-state fMRI revealed connectivity changes in distant
areas, including bilateral prefrontal regions. Therefore, cortico-
spinal excitability changes during M1-tDCS not always translate
into changes in regional brain activity changes at the stimulation
site as measured by fMRI but may affect functionally connected
remote brain regions. Similarly, M1 stimulation did not impact
on task-related activity in primary and secondary motor cortices
during the word-retrieval task in the present study, however,
stimulation effects were found in functionally connected bilateral
IFG (Eickhoff et al., 2009).
Previous studies that employed word-retrieval tasks during
anodal-tDCS of left perisylvian regions improved picture nam-
ing and semantic word-generation performance in healthy older
adults which was associated with reduced task-related activity
in left-sided (Holland et al., 2011; Meinzer et al., 2012a) or
bilateral IFG (Meinzer et al., 2013). In those studies, reduced
activity was interpreted as more efficient processing due to tDCS-
induced neural facilitation. Moreover, using the same task as in
the present study, this effect could be explained by selectively
reduced activity during word-retrieval trials, but not during sim-
ple motor speech trials (Meinzer et al., 2013). In the present study,
we show that improved word-retrieval after M1-tDCS was medi-
ated by a different mechanism. Specifically, active-tDCS did not
impact on task-related activity during word-retrieval trials, but
resulted in more pronounced deactivation of bilateral prefrontal
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activity during motor speech trials, which explains the net activity
increase in those areas, emphasizing specific tDCS-effects on
different tasks (Iuculano and Cohen Kadosh, 2013). Compared to
sham-tDCS, the degree of prefrontal deactivation was numerically
similar during both active stimulation conditions; however, it
only reached significance in right-frontal regions during anodal-
tDCS. Tentatively, this finding could be explained by higher
current flow to right frontal regions during unilateral M1-tDCS
with a supraorbital reference electrode as suggested by previous
modelling studies (Wagner et al., 2007; Bikson et al., 2012; Kuo
et al., 2013).
Funnelling of information that arises from different neural
networks during dual task performance in the prefrontal cor-
tex has been suggested to create a bottleneck for information
processing and consequently lower behavioral output. Training
can improve dual-task performance by inducing more efficient
neural processing, typically expressed as reduced activity during
fMRI in prefrontal cortex (Dux et al., 2009). Similarly, behavioral
improvement in the present study may have been mediated by
further disengagement (deactivation) of prefrontal regions dur-
ing motor speech trials, possibly freeing processing resources or
reducing switching costs between the two tasks that are engaging
partially overlapping networks (Brem et al., 2014). However, this
hypothesis needs to be scrutinized in future studies that allow
examining interactions between the neural networks for speech
production and lexical retrieval and their modulation by tDCS
using different imaging paradigms and functional connectivity
analysis. Such an analysis was not feasible in this present study due
to the blocked-sparse sampling design. Moreover, brain regions
in the vicinity of the targeted M1 may also undergo excitability
changes due to the large size of the electrode or spill-over effects
(Bestmann et al., 2004) and it is conceivable that stimulation
effects may have extended into the neighboring parietal areas.
Future studies are thus required to determine whether prefrontal
activity changes during M1 stimulation are mediated by direct
effects of M1 on interconnected prefrontal regions or by modu-
lation of a larger fronto-parietal network.
CONCLUSIONS
In sum, the present study demonstrates that M1 stimulation can
improve word-retrieval in healthy older individuals and provides
first evidence for the underlying neural mechanisms mediat-
ing behavioral facilitation. Our results also provide a rationale
to explore the effectiveness of M1 stimulation as an alterna-
tive and clinically feasible adjunct treatment approach in post-
stroke aphasia. In addition, our findings confirm that language-
motor interactions may extend beyond the well-known impact
on action-specific language material (Liuzzi et al., 2008; Meinzer
et al., 2011a; Postle et al., 2013), which emphasizes its broad
potential to enhance language recovery in clinical settings. Finally,
the imaging results emphasize that different tDCS-montages may
result in specific neural effects on different tasks that require
further scrutiny.
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